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Abstract 
 
A high-resolution sedimentological and geochemical study of a high-altitude proglacial lake 
(Lake Blanc, Aiguilles Rouges, 2352m a.s.l.) revealed 195 turbidites, 190 of which are related 
to flood events over the last 1400 years. We used the coarsest sediment fraction of each 
turbidite as a proxy for the intensity of each flood event. Because most flood events at this 
locality are triggered by localized summer convective precipitation events, the reconstructed 
sedimentary record reveals changes in the frequency and intensity of such events over the last 
millennium. Comparisons with other temperature, paleohydrological and glacier 
reconstructions in the region suggest that the most intense events occurred during the warmest 
periods, that is, during the Medieval Climate Anomaly (AD 800-1300) and the current period 
of global warming. On a multi-decadal time scale, almost all the flood frequency peaks seem 
to correspond to warmer periods, whereas multi-centennial variations in flood frequency 
appear to follow the regional precipitation pattern. Consequently, this new Alpine flood 
record provides further evidence of a link between climate warming and an increase in the 
frequency and intensity of flooding on a multi-decadal time scale, whereas the centennial 
variability in flood frequencies is related to regional precipitation patterns. 
 
Keywords: lake sediment, flood frequency, flood intensity, last millennium, climate change 
 
1. Introduction 
 
Extreme precipitation events can trigger floods that may have serious human and economic 
consequences (Gaume et al., 2009). Although theoretical studies and numerical simulations 
suggest that global warming will lead to an increase in the frequency and/or intensity of such 
events (IPCC, 2007), the relationship between flood events and climate change is difficult to 
assess because the lack of long-term meteorological data at high altitude sites (e.g. Beniston et 
al., 2007) and the stochastic nature of extreme events preclude the identification of long-term 
trends. One way of overcoming this problem is to extend documentary records beyond 
observational data by reconstructing long-term geological archives of intense flood events. 
Such long-term records can than be used to build a better understanding of how local to 
regional flood hazard patterns are likely to be affected by global warming and thereby 
improve predictive models (IPCC, 2007 and references therein). 
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Lake sediments are continuous archives in which it is possible to identify high-energy 
sediment layers and thus reconstruct mountain-river flood records (e.g. Arnaud et al., 2002; 
Gilli et al., 2003; Bøe et al., 2006; Moreno et al. 2008; Storen et al., 2010; Wilhelm et al., 
2012a, 2012b). In addition, the relative intensities of paleo-floods can be assessed from the 
size of the coarsest sediment fraction in each flood layer, as sediment grain size depends on 
the stream flow velocity (Campbell, 1998; Parris et al., 2010). In some cases, the thickness of 
flood deposits can also be used as a proxy for flood-intensity (Nesje et al. 2001; Wilhelm et 
al., 2012a, 2012b). 
  
Few studies in the European Alps have attempted to use lake sediment records to reconstruct 
both the frequency and intensity of extreme floods. The small amount of data available 
suggests that proglacial lakes  (Stewart et al., 2011; Wilhelm et al., 2012a) are good 
candidates for this type of study, as they are less sensitive to the human-driven processes that 
often dominate climate-erosion-sedimentation interplays (Dapples et al., 2002; Giguet-Covex 
et al., 2011). A previous study has also reported a relationship between mountain-river flood 
activity and temperature, with increased flood frequency and intensity during warmer periods 
over the last 250 a (Wilhelm et al., 2012a). A major limitation on the use of proglacial lake 
sediments for studying flood activity is the presence of plant remains for radiocarbon dating. 
In this respect, Lake Blanc in the Aiguilles Rouges is an excellent locality for studying 
millennial-scale variations in flood frequency because its catchment area contains both a 
glacier, which delivers clastic material, and sparse vegetation. Consequently, we were able to 
extend our results beyond the period covered by Wilhelm et al. (2012a) and draw up a record 
of the frequency and intensity of extreme flood events over a time span covering both warm 
(Medieval Climate Anomaly) and cold (Little Ice Age) periods. By doing so we were able to 
test the hypothesis that flood frequency and intensity increase during warmer periods. 
 
2. Study area 
 
Lake Blanc (2352m a.s.l., 45°58‟57”N, 6°53‟20”E) lies in a 1-km² proglacial cirque on the 
right bank of the River Arve, just north of the Mont-Blanc Range (Fig. 1). The catchment 
consists mainly of gneiss with a small lens of sedimentary rocks (quartzite and limestone) at 
the top of the highest peak, the Aiguille du Belvédère (2965m a.s.l.). Roches moutonnées and 
thick glacial deposits indicate substantial past erosion of the substratum by the Belvédère 
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Glacier. Due to glacial retreat, the glacier now occupies only 4% of the catchment, whereas 
glacial deposits cover approximately 30% of the catchment. Given the absence of vegetation 
on the glacial deposits, this larger area probably corresponds to the maximum advance of the 
Belvédère Glacier during the Little Ice Age (LIA). Erosion of the glacier foreland and 
transport by a proglacial stream means the lake receives a continuous input of glacial material 
that has built a large delta at the mouth of the stream (Fig. 1 and 2) and ensures the lake 
waters remain turbid throughout the thaw period. From November to May, the catchment is 
covered by snow and the lake is frozen; therefore, nearly all sediment input occurs during the 
summer and early autumn. However, during the winter period lake sediments can be affected 
by avalanches, as shown by the exceptionally large avalanche that occurred during the winter 
of 1986. As well as destroying the upper floor of the old mountain hut (Fig. 1), this avalanche 
broke the lake's ice cover and ejected fine sediments from both Lake Blanc and a small lake 
located downstream (Lignier, 2001 and references therein).   
The catchment area and the lake have very similar characteristics to another Lake Blanc, 
100km south of the Aiguilles Rouge, in the Belledonne Mountains (2170m a.s.l., 45°10‟42”N, 
5°58‟21”E). Although the Belledonne Lake Blanc catchment is slightly larger (3km²) than the 
Aiguilles Rouge Lake Blanc catchment (1km²), the two lakes have similar climates (Kieffer-
Weisse and Bois, 2001), lie in steep-sided proglacial cirques consisting mainly of gneiss and 
have large proglacial areas as their sediment main source (Wilhelm et al., 2012a). These 
similarities suggest that the Aiguilles Rouges Lake Blanc is a suitable site for extending the 
flood record established for the Belledonne Lake Blanc. 
 
3. Material and methods 
 
3.1. Seismic survey and coring 
 
The bathymetry of the lake and the geometry of its sedimentary infill were investigated in 
September 2008 by high-resolution seismic profiling using an INOMAR SES-2000 Compact 
system (mean frequency of 8 kHz) coupled with DGPS navigation. Sub-bottom profiling was 
carried out from an inflatable boat, following a perpendicular grid with 20m spacing between 
each profile (Fig. 2). We used the resulting database to select coring sites in the main basin 
along a proximal-distal transect starting in the delta, where sedimentary infill is thickest and 
least affected by sub-aquatic mass-wasting processes. 
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In the winters 2009 and 2010 we retrieved one short (BAR09P1; 45°58‟58.7”N, 6°53‟19.6”E) 
and two long (BAR10I; 45°58‟58.27”N, 6°53‟20.53”E and BAR10II; 45°58‟57.66”N, 
6°53‟21.45”E) cores from the frozen surface of the lake using an UWITEC gravity corer for 
the short core and a piston corer for the long cores. Multiple cores were drilled in order to 
obtain a second assessment of the spatial extent of the lake basin deposits that could be 
combined with the seismic profiles. The BAR10I (2.8m) and BAR10II (2.5m) cores both 
stopped at a horizon made up of semi-angular decimetre-scale blocks in the middle of the lake 
sediment infill. Cores BAR10I and BAR10II are composed of three and four sections, 
respectively, plus a short gravity-core per site (BAR10P02 and BAR10P04, respectively) 
taken to provide well-preserved water-sediment interface samples. The deepest BAR10I 
section was lost and is therefore missing from the composite sequence. We constructed 
composite sequences, using the thick and distinctive graded beds that appear in each section 
to ensure a precise and reliable stratigraphic correlation. 
 
3.2. Core description and logging 
 
Cores were split lengthwise and photographed at high resolution (20 pixels/mm). We 
examined the visual macroscopic features of each core in detail in order to determine the 
different sedimentary facies, which we then used to determine the stratigraphic correlation 
between the cores. We calibrated the seismic data using physical measurements (P-wave 
velocity and gamma-ray attenuation bulk density) carried out on the GeotekTM multisensor 
core-logger at the Chrono-Environnement Laboratory.  Grain size measurements were carried 
out on core BAR10II (Malvern Mastersizer 2000) at a 5mm continuous sampling interval. 
Interbedded deposits were characterized on the basis of their median (Q50) and coarse (Q90) 
fractions (Passega, 1964; Shiki et al., 2000; Mulder et al., 2001). We also recorded the 
thickness and Q90max (i.e., highest Q90 value) of each interbedded deposit as a proxy for the 
quantity and the grain size of sediment mobilized and, therefore, water-current energy 
(Campbell 1998, Parris et al., 2010). Geochemical element analysis was carried out using X-
ray fluorescence (XRF) core scanner Itrax™ (Cox Analytical System) at the CEREGE 
laboratory, using a Chromium tube (35 keV, 40 mA), a 15s count-time and a 1mm-sampling 
step. The areas of the element peaks provide an indication of the relative concentrations of 
each element (Tachikawa et al., 2011). Among the measured elements, Iron (Fe), Calcium 
(Ca) and Zirconium (Zr) were investigated as high-resolution grain-size proxies for 
identifying the thinnest interbedded deposits (Cuven et al., 2010, Giguet-Covex et al., 2011; 
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Wilhelm et al., 2012a) and to help constrain the stratigraphic correlation between the three 
cores. Given the geology of the catchment area, Fe is probably associated with clays, Ca with 
feldspars in the gneiss or carbonates in the limestone, and Zr to zircons in the sediment 
(Lignier, 2001). 
 
3.3. Dating methods 
 
137
Caesium (Cs) measurements on the upper 70cm of core BAR09P1 were carried out at the 
LGGE (Grenoble). Measurement intervals followed facies boundaries, resulting in a non-
regular sampling step of approximately one centimeter. The thick bed between 6 and 24cm, 
which we considered an instantaneous deposit, was not analyzed. 
137
Cs was introduced into 
the environment by atmospheric nuclear weapon tests (AD 1958-1963) and the Chernobyl 
accident (AD 1986; Radakovitch et al., 1999); therefore, the appearance of 
137
Cs in the 
sedimentary record is a reliable chronostratigraphic marker for the end of the 1950s. In 
addition, the bases of the flood deposits contained small vegetal macro-remains, some of 
which were large enough to be identified as pine needles and herbaceous stems. We sent nine 
samples to the LMC14 national carbon measurement laboratory for AMS 
14
C analysis. 
Because vegetal remains were absent from the deepest part of the sediment record, we also 
analyzed bulk sediment in order to test the reliability of bulk-sample ages. We did this by 
carrying out 
14
C analyses on organic matter from a bulk sediment sample and on vegetal-
remains from the same sediment layer. 
14
C ages were calibrated using the Intcal09 calibration 
curve (Reimer et al., 2009) (Table 1). The 
14
C age for the bulk-sediment sample was twice as 
old as the 
14
C age for the vegetal remains from the same layer. This may be due to the 
presence of fossil carbon from the sedimentary rocks or older carbon from the erosion of 
soils. Most importantly, this finding meant that we were unable to obtain a reliable age for the 
deepest part of the sediment record. We applied the R-code package “clam” (Blaauw, 2010) 
to generate an age model for the most distal core (BAR10II). We then used the stratigraphic 
correlation (Fig. 3) to recalculate the depths of all the 
14
C samples for this core (Table 1). The 
most distal core was used for this purpose in order to minimize the effects on the sequence of 
erosion by high-energy sediment events.  
 
4. Results 
 
4.1. Lake morphology and sediment infill 
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The seismic signal easily penetrated the regularly stratified lacustrine sediments in the main 
basin but became scattered and absorbed at the acoustic basement and at the NE end of the 
basin, where a steep delta has developed (Fig. 2). P-wave velocity measurements on sediment 
cores indicate that a mean velocity of 2000 m/s should be used to estimate the thickness of the 
basin fill. Figure 2 shows that the progradation of the delta into the lake has resulted in the 
development of steep foreset beds (with very limited acoustic penetration) and well-stratified 
bottomset beds in the deeper basin. These bottomset beds are up to 5m thick close to the delta 
but they quickly thin towards the lake outlet. The profile for the main basin showed several 
high-amplitude, sub-parallel reflections (labeled R1 to R4). Close to the lake floor, we 
identified a transparent to chaotic lens-shaped body that is thickest at the foot of the prodelta 
but extends over most of the main basin. The body's acoustic signature and form are typical of 
sub-aqueous mass-wasting deposits in clastic lakes with steep slopes (Chapron et al., 1999; 
2007; Schnellmann et al. 2006; Fanetti et al, 2008).      
 
4.2. Lithostratigraphical description 
 
The sediment mainly consists of finely laminated silty-clay sediments interbedded with a 
coarse-grained layer, three deformed layers and 195 millimeter-to-centimeter thick normally 
graded beds.  
 
  4.2.1. Coarse-grained layer 
 
A 1cm-thick coarse-grained layer is present at 158cm in core BAR10II only. This layer 
consists mainly of coarse sand and small angular gravel in a silty-clay matrix (Fig. 3 and 4). 
These characteristics are highlighted by the layer‟s isolated position in the Passega-type 
diagram, with a very high Q90 value for a low Q50 value (Fig. 5). 
 
  4.2.2. Deformed layers 
 
Some layers are characterized by a deformed structure and folded laminations. The uppermost 
of these layers occurs at 22-37cm in the most proximal core (BAR09P1) and is overlain by a 
16cm-thick normally graded bed (Fig. 3). BAR10II, which was taken at the foot of the 
western steep slope, contains a second deformed layer at 55-61cm. This layer is overlain by a 
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thin normally graded bed. The third and deepest deformed layer occurs at 258-260cm in 
BAR10I and corresponds to a flattened fold that duplicates a multi-millimeter-thick bed. This 
deformed layer is overlain by two 4cm-thick graded beds that are identical to the two beds 
below the deformed layer. 
 
  4.2.3. Graded beds 
 
The graded beds are characterized by their higher density, sharp, coarse-grained and 
occasionally erosive base, and a fining-upward trend, indicated by the synchronous decrease 
of Q50 and Q90 (Fig. 5). Core BAR10II contained only one clear erosive contact, at the base of 
the thickest graded bed, at a depth of around 18cm. According to the stratigraphic correlation, 
all the graded beds but one extend over the entire lake basin (Fig. 3). The exception is a 
graded bed that occurs at approximately 60cm in BAR09P1 and at 50cm in BAR10I, 
indicating that this layer is restricted to the deepest part of the lake basin. Furthermore, when 
plotted on a thickness vs. Q90max graph, the BAR10II graded beds form two distinct clusters 
(Fig. 5). The left-hand cluster includes most of the graded beds and is characterized by a 
significant thickness-Q90max relationship (r=0.79, p<0.0001). The right-hand cluster consists of 
the four thickest beds. We interpreted the graded beds in the left-hand cluster as flood-induced 
turbidites, hence they are labeled FIT in figure 5 (see §5.1.3). We interpreted the graded beds 
in the right-hand cluster as slide-induced turbidites, hence they are labeled SIT in figures 3 
and 5 (see §5.1.2.). There is a good correspondence between the depths of the high-amplitude 
seismic reflections and three of the SITs, with R1 corresponding to SIT2, R2 corresponding to 
SIT4 and R3 corresponding to SIT5 (Fig. 2 and 3). 
 
 4.3. High-resolution element geochemistry 
 
  4.3.1. Calcium contents 
 
Relative Ca contents vary little with depth, with just two well-marked peaks in the upper part 
of the sediment sequence (at approximately 39cm and 42cm in BAR10II). Although the 
absence of significant variations in the Ca contents of the graded beds precludes the use of 
this element as a grain-size proxy, the two peaks in the upper part of the sequence provide 
additional stratigraphic markers for correlations between the cores (Fig. 3). 
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  4.3.2. Iron and Zirconium contents 
 
A plot of relative Fe contents vs. sediment depth (Fig. 4) showed increased Fe contents for the 
top parts of the millimeter-to-centimeter graded beds, suggesting Fe enrichment in the finest 
sediment fraction (Cuven et al., 2010; Wilhelm et al., 2012a). Potassium (K), which is mainly 
contained in the clay fraction, and Fe are covariant (r=0.85, p<0.0001), indicating that 
changes in Fe content are mainly related to grain size, rather than to oxydation-reduction 
processes. This conclusion is supported by the concordance between Fe content and the <4µm 
grain size fraction (Fig. 4). Variations in Zr contents show the opposite pattern to changes in 
Fe content (r=-0.79, p<0.0001, between Zr and Fe), with Zr enrichment in the basal part of the 
graded beds and thus in the Q90 fraction (Fig. 4). We found a significant correlation (r=0.93, 
p<0.0001) between the 5mm-resampled Zr/Fe ratio and the Q90/[<4µm fraction] (Fig. 4), 
indicating that the Zr/Fe ratio can be used as a high-resolution proxy for relative grain-size 
distribution and hence for detecting millimeter-scale graded beds. 
 
 4.4. Dating results 
 
137
Cs was found to be present down to the base of the deformed layer at 38cm in core 
BAR09P1 (MWD1, Fig. 3). 
137
Cs activity below this layer is null, showing that the material in 
the deformed layer was deposited after AD 1958. 
We first constructed a composite sedimentary sequence by excluding all the interbedded 
deposits (Arnaud et al., 2002; Moreno et al., 2008; Giguet-Covex et al., 2011), which we 
interpreted as instantaneous deposits formed by rapid sedimentary processes (see §5.1). We 
then calculated a depth-to-age model by linear interpolation, using the “clam” R-code package 
(Blaauw, 2010).  Although the results show that the sequence covers the last two millennia, 
because of the absence of 
14
C ages for the deepest part of the sediment record, the following 
discussion only considers the upper 190cm of BAR10II (i.e., the upper 85cm of the composite 
sedimentary record, Fig. 6), which covers the last 1400 years.   
 
5. Discussion 
 
 5.1. Different origins for the interbedded deposits 
 
  5.1.1. Avalanche origin 
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The local presence of coarse sand and gravel in the unsorted coarse layer at 158cm in core 
BAR10II (Fig. 3) suggests that this layer consists of material deposited by melting ice 
following a dirty avalanche (Seierstad et al., 2002; Chapron et al., 2007; Guyard et al., 2007; 
Vasskog et al., 2011). 
 
  5.1.2. Mass movement origin 
 
The preservation of laminae below and above the deformed layers precludes a coring origin 
for the deformed sediments. Naturally deformed sediment layers are usually described as 
mass-wasting deposits (MWD), formed when sediments slide down a slope to form different 
kinds of mass flow or turbidite (e.g. Shiki et al., 2000; Monecke et al., 2004; Schnellmann et 
al., 2005; Chapron et al., 1999; 2007; Girardclos et al., 2007; Bertrand et al., 2008; Fanetti et 
al., 2008). Support for such a mass flow origin is provided by the good match between the 
depth and location of the thick deformed layer in BAR09P1 (MWD1, Fig. 3) and the MWD 
revealed by the seismic data (Fig. 2). However, the MWD2 deformed layer does not 
correspond to a seismic-detected event. This may be because the thickness of the layer (8cm) 
is below the vertical resolution of the seismic data (approx. 20cm) or because it is composed 
of less dense sediment than MWD1, which is at the foot of the delta. In addition, the 
duplicated sediment sequence separated by the folded layer in BAR10I can only be explained 
by a slide from the delta slope to the deepest part of the lake basin. Consequently, we also 
interpreted the folded layer and the two overlying beds as a mass wasting deposit (MWD3, 
Fig. 3). Seismic data suggests that the thick graded bed (indicated by SIT5, Fig. 3) just below 
MWD3 may correspond to high-amplitude reflection R3 (Fig. 2). 
On the other hand, graded beds are common features in lake sediments, where they are 
associated with turbidity currents triggered by either flood events or mass movements (e.g. 
Sturm and Matter, 1978; Shiki et al., 2000; Arnaud et al., 2002; Gilbert et al., 2006; Mulder 
and Chapron, 2011; Wilhelm et al., 2012a). In the latter case, they are formed by the sediment 
that is transported in suspension during the mass movement and then deposited over the mass 
wasting deposit and/or further in the lake basin (e.g. Shiki et al., 2000; Schnellmann et al., 
2005; Girardclos et al., 2007; Fanetti et al., 2008). Consequently, such graded beds are 
generally confined to a restricted area of the lake basin and often contain larger quantities of 
sediment than graded beds produced by flood events (e.g. Shiki et al., 2000; Schnellmann et 
al., 2005; Fanetti et al., 2008; Wilhelm et al., 2012a). The only well-marked graded bed is 
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restricted to the deepest part of the lake basin (indicated by SIT3, Fig. 3), suggesting that it 
corresponds to a slide-induced turbidite (SIT). Furthermore, the thick graded bed indicated by 
SIT1 in figure 3 directly overlies MWD1 and was, therefore, almost certainly produced by the 
deposition of sediment suspended in the water column during the mass movement that 
produced MWD1. The isolated position of SIT1 in the thickness-Q90max diagram (Fig. 5B) 
also supports a SIT interpretation, with this bed representing a rare case in which a large 
quantity of sediment was transported without an exceptionally high current energy. Thus, 
MWD1 and SIT1 were probably produced by the same mass movement. The right-hand 
cluster in the Q90-thickness diagram contains three other thick graded beds with similar 
characteristics to SIT1 (Fig. 5B), suggesting a mass movement origin for all these beds. 
Therefore, they are also interpreted as SIT deposits (SIT2, SIT4 and SIT5, Fig. 3).  
  
5.1.3. Flood origin 
 
All the other graded beds, which extend over the entire basin, are grouped in a distinct cluster 
in the thickness-Q90max diagram and are therefore likely to have been formed in the same way 
(Fig. 5B). A flood origin for these beds is supported by the presence of terrestrial vegetal 
remains within the beds and their frequent occurrence (mean recurrence time of 7 a). In 
addition, the linear thickness-Q90max relationship is consistent with sedimentary processes 
regulated by water currents, with higher discharge rates leading to greater sediment supply 
and coarser material. Consequently, we interpret all the 190 graded beds thinner than 4cm as 
flood-induced turbidites (FIT). The significant relationship (r=0.79, p<0.0001) between the 
flood deposit thickness and the Q90max values also suggests that the Q90max can be indirectly 
assessed through the deposit thickness. 
 
 
 5.2. Chronological controls on mass-movement related deposits 
 
The ages of the most recent MWD and SIT can be compared with the dates of historic events 
capable of creating mass movements consistent with the characteristics of the sediments. 
Mass movements may be the result of spontaneous mass failures caused by sediment 
overloading, snow avalanches, local seismic activity or variations in lake-level (Monecke et 
al. 2004). In the present case, this latter possibility is unlikely to have played a role because 
the lake outlet is made of bedrock.   
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The presence of 
137
Cs in MWD1 indicates that this deposit and the overlying SIT1 (Fig. 3) are 
more recent than AD 1958, whereas the age-depth model yielded an age of AD 1949 (Fig. 6). 
The difference between the two ages may result from 
14
C uncertainties and/or from a 
sedimentary hiatus, as suggested by the erosive base of SIT1. No high-magnitude earthquakes 
have occurred in the region in recent decades; however, in AD 1986 an exceptionally large 
avalanche, originating in the upper part of the catchment, swept away the old mountain hut, 
which was built on the rock sill damming the lake (Fig. 1) According to local witnesses, just 
after the avalanche, the rocky lake outlet was covered in sediment (Lignier, 2001 and 
references therein). This observation supports the hypothesis that the avalanche-triggered 
event led to significant erosion of the lake bottom and produced the MWD1 and SIT1 
deposits. The difference between this historic date and the most probable age of AD 1949 for 
these deposits suggests thus a hiatus of about 30-40 a under SIT1.  
The most probable age for SIT2 is AD 1903, which is consistent with the Emosson and Mont-
Blanc earthquakes, which occurred approximately 10km from the lake in April and August 
1905 and which had magnitudes of 5.5 and 5.2, respectively (Lambert and Levret-Albaret, 
1996; Fig. 1 and 6). Previous research has correlated these earthquakes with mass movements 
in Lake Anterne, only 7km from Lake Blanc (Arnaud et al., 2002). In addition, SIT2 consists 
of two sub-units, with Zr/Fe ratios indicating the presence of coarse material at the base and in 
the middle of the deposit (Fig. 3). Each sub-unit is probably the result of one of the two 1905 
earthquakes. 
The most probable age for SIT3 is AD 1813, which concords with the magnitude-4.8 
Chamonix earthquake that occurred in AD 1817 (Lambert and Levret-Albaret, 1996; Fig. 1 
and 6). This event has also been correlated with a mass movement in Lake Anterne (Arnaud et 
al., 2002). 
Finally, age probabilities for MWD2 show two peaks, in AD 1595 and 1519. No earthquakes 
are known to have occurred close to the lake during this period. However, two high-
magnitude earthquakes occurred less than 50km away, in AD 1584 (Mw=5.9) on the south-
eastern shore of Lake Geneva, and in AD 1524 (Mw=5.8) close to Sion (Swiss seismologic 
service database: http://www.seismo.ethz.ch/). Given the correspondence between the most 
probable age for MWD2 (AD 1595) and the age of the highest magnitude earthquake 
(AD1584), it seems probable that MWD2 was the result of the AD 1584 earthquake. 
However, other synchronous mass movements in the region need to be identified in order to 
confirm this correlation. SIT4 was dated at AD 1429. Due to the absence of reliable historic 
information, we did not investigate possible correlations. Overall, there is good agreement 
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between major historic events and the calculated ages of the slide-induced deposits, 
supporting their interpretation as mass-movement deposits and our chronology, at least over 
the last six centuries.  
 
5.3. Paleoflood record 
 
By dating the 190 FITs we were able to build up a flood record for the lake, from which we 
calculated a 31-year running total in order to highlight changes in flood frequency (Fig. 7). 
We determined periods during the last millennium in which the most intense events occurred 
by including in the flood record the thickness of each FIT as a proxy for flood intensity 
because thickness and Q90max values are well correlated (Wilhelm et al., 2012b). The FITs are 
characterized by high Q90max values, which reflect high-energy sediment inputs (Fig. 5B). 
According to monitoring data acquired in the neighboring Lake Anterne over a 5 a period, at 
the difference of rainstorms, seasonal snowmelt in high altitude catchment areas never 
generates water current with a sufficient capacity to transport sandy particles (Enters et al., 
2010). More information on the triggering mechanisms of high altitude torrential floods is 
provided by the study of the Belledonne Lake Blanc (Wilhelm et al., 2012a). In that case it 
was possible to compare the flood calendar established from lake sediments with historical 
flood dates over the last 250 a. It appeared that all historical floods reported in local archives 
were identified in lake sediments and corresponded to the coarsest grained and thickest ones. 
Moreover, almost all these events corresponded to rainstorm that occurred between July and 
September. We hence assume that FITs were most probably formed by rainstorms generating 
high-magnitude river runoff events that eroded and transported moraine material from the 
glacier foreland, spreading it over the whole lake basin (Blass et al., 2003; Stewart et al., 
2011; Wilhelm et al., 2012a). As a consequence, both internal – the availability in erodible 
sediment – and external – the intensity and recurrence-time of rainstorms – must be 
considered when trying to exploit our flood calendar to inform past climate variability. 
 
5.3.1. Environmental changes, glacier dynamics and the availability in erodible 
material 
 
Lake Blanc is currently located well-above the timberline and is virtually free of any high 
stand vegetation. Even alpine grasslands are sparse, probably explaining why local 
populations never exploited it for grazing activities. As a consequence, over the considered 
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period, no changes in local environment are susceptible to have affected the climate-erosion 
relationship. This is not true for geomorphological changes due glacier dynamics. Indeed, the 
main sediment source in the Lake Blanc catchment is the moraine material that covers 30% of 
the catchment area. This fresh glacier material was accumulated during Neoglacial glacier 
advances (Holzhauser et al., 2005; Ivy-Ochs et al., 2009) and was therefore present 
throughout the studied period. However, substantial glacier advances/retreats can modify 
sediment availability in proglacial catchments (Hodder et al., 2007; Larsen et al., 2012). 
Varve-based reconstructions of annual sediment yields in proglacial environments have been 
used to describe and discuss these complex processes (e.g. Hodder et al., 2007 and references 
therein), but very few studies have examined the relationship between changes in glacier 
length and erosion processes in glacier forelands during flood events. In theory, the 
progressive disappearance of ice cover during substantial glacier retreats will release moraine 
material, resulting in a greater amount of mobilized material for a given flood event intensity. 
Conversely, through a shielding effect, a greater extension of the ice cover could increase the 
necessary threshold for the erosion of moraine material and the resulting flood deposit 
formation, and could thus decrease the flood frequency. Both of these processes could bias the 
reconstructed flood signal in terms of intensity and frequency, respectively. The conservation 
throughout the considered period of the grain-size vs. thickness relationship suggests that the 
relation between the intensity of flood events and the volume of transported material remained 
constant (Fig. 4). However, to further test the hypothesis of a link between glacial 
advance/retreat and flood frequency/intensity, we compared the Lake Blanc flood record with 
the high-resolution, continuous reconstructions of glacial fluctuations for the Bossons and 
Aletsch Glaciers (Holzhauser et al., 2005; Nussbaumer and Zumbühl, 2012; Fig. 7). The 
Bossons Glacier is well suited for comparison with the Belvedère Glacier as the two glaciers 
are only a few kilometers apart (Fig. 1) and are characterized by short response times to 
climatic changes (Kuhn et al., 1985; Nussbaumer and Zumbühl, 2012). Therefore, 
fluctuations in the Belvedère Glacier, for which no reconstruction is available, are likely to 
have followed a similar pattern to the fluctuations revealed by the Bossons Glacier record. 
However, because the Bossons Glacier record is shorter than our study period, we needed 
another record that would provide an indication of glacial fluctuations for the older part of the 
Belvedère Glacier flood record. Despite its much greater size and correspondingly longer 
response times, the Aletsch Glacier reconstruction appeared to be the most suitable record for 
this purpose. The resulting comparison showed that the highest flood frequencies at Lake 
Blanc occurred close to periods of maximum glacial advance (e.g., ca. AD 1300-1400 and 
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1750-1900), when, in theory, erosion processes should be more limited. In addition, some of 
the lowest flood frequencies occurred during periods of glacial retreat (e.g., ca.AD 800-950, 
AD 1150-1300), when erosion processes would be expected to be more efficient. These 
observations suggest that changes in glacier size do not seem to affect significantly the 
erosion processes in play during flood events. Erosion during glacier advances may be made 
possible due to the erosion of basal till by high-magnitude subglacial runoff events, which 
previous field observations have shown to be possible whatever the size of the glacier (Benn 
and Evans, 1998; Davies et al., 2003). Hence, climate is likely to be the dominant factor 
affecting the reconstructed flood signal. 
 
5.3.2. Type and timing of paleofloods in the regional climatic setting 
 
Floods occurring in the high-elevation areas of the northern flank of the European Alps are 
mainly triggered by summer convective events as shown over the last decades by instrumental 
data (Collins, 1998; Kieffer-Weisse and Bois, 2001; Merz and Blöschl, 2003) and over the 
last two centuries by historic data (Wilhelm et al., 2012a). In addition, the study of the 
Belledonne Lake Blanc suggested that flood layers were mainly triggered by summer 
convective events based on the comparison between ages of the flood layers and historic 
floods precisely dated (Wilhelm et al., 2012a). Due to the very similar characteristics of the 
catchments and lakes, the paleoflood record of the Aiguilles Rouges Lake Blanc is thereby 
interpreted as the recurrence of flood events mostly resulting from summer convective events. 
To discuss the evolution of the millennium-long flood frequency and intensity, the paleoflood 
record of Aiguilles Rouges Lake Blanc is then compared to temperature and precipitation 
data. Tree-ring studies and multi-proxy reconstructions have shown that the MCA (AD 800–
1300) was characterized by high summer temperatures (Büntgen et al., 2011; Trachsel et al., 
2012). In addition, records of lake levels in the Jura region (Magny et al., 2004; 2011) and 
flood activity in the nearby River Rhone (Arnaud et al., 2012) show that the climate was 
mostly rather dry, with a short period of wetter conditions around AD 1050 (Magny et al., 
2011, Fig. 7). The Lake Blanc flood record is consistent with this general pattern, as it 
includes a well-marked period of increased flood activity around AD 1050 that is associated 
with the thickest flood deposits, which we interpret as indicating high flood intensity. A 
progressive shift toward colder and wetter conditions at ca. AD 1300 marked the onset of the 
LIA (Millet et al., 2009; Büntgen et al., 2011; Magny et al., 2011, Trachsel et al., 2012; Fig. 
7). At this time, River Rhone flood activity was at its highest level during the last millennium 
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(Arnaud et al., 2012), as was the frequency of flooding in Lake Blanc, which also recorded a 
progressive decrease in sediment deposit thickness. The second part of the LIA (after ca. AD 
1700) was characterized by the coldest temperatures, intermediate wetness conditions and a 
slight decrease in River Rhone flood activity. The Lake Blanc record also shows a decrease in 
flood frequency. In summary, comparing the LIA- and MCA-periods shows that the most 
intense events occurred during the warmest period but the highest flood frequency occurred 
during the colder and the wettest period. The flood frequencies revealed by the Lake Blanc 
sediment record are in agreement with regional wetness and hydrological conditions on a 
multi-centennial scale, suggesting that wetness levels play a key role in mountain-river flood 
activity on this time-scale. 
 
In addition to this multi-centennial trend, the Lake Blanc flood record contains a multi-
decennial signal. The signal for the last three centuries can be compared with a recently 
established flood reconstruction for another Lake Blanc, in the Belledonne Mountains, 
approximately 100km SW of the Aiguilles Rouges Lake Blanc (Wilhelm et al., 2012a). The 
two records show very similar periods of higher flood frequency (AD 1780-1810, 1840-1880 
and 1910-1960, Fig. 7), and these periods of high flood frequency are also the periods when 
the most intense flood events occurred. However, there is no clear relationship between these 
periods and the summer precipitation record for the European Alps (Casty et al., 2005). The 
absence of similarities may be due to the different processes recorded by each record: 
punctual intense precipitation events vs. mean seasonal precipitation. This suggests, however, 
that the seasonal precipitation level may not influence the flood frequency or intensity on a 
multi-decennial time-scale. This contrasts with the pattern seen over a multi-centennial time-
scale. In terms of temperature variations, periods of higher flood frequencies correspond well 
with warmer periods, as previous research has suggested (Wilhelm et al., 2012a). The good 
agreement between temperature peaks and the highest flood frequencies and intensities at the 
Lake Blanc Aiguilles Rouges suggests the presence of such a relationship throughout the last 
millennium. The only anomaly occurred ca. AD 1600-1770, which was a period of very cold 
temperatures in the European Alps (Trachsel et al., 2012). The cause for this may have been 
internal (e.g., longer periods of lake ice-cover or the temporary presence of permafrost in the 
proglacial foreland, which might have limited erosion processes) or external (e.g., a major 
change in the meteorological phenomena triggering flood events in the area). Permafrost 
cannot be absolutely excluded at this altitude, although there is no evidence that ice is 
currently present in any part of the proglacial foreland (as observed for instance by Stoffel et 
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al., 2005) and studies suggest that permafrost only occurs at higher altitudes at sites with a 
south-easterly aspect (Haeberli, 1975).  Furthermore, flood events in small, high-altitude 
catchment areas in the northern flank of the European Alps are mostly produced by intense 
precipitation triggered by localized summer convective events (Collins, 1998; Kieffer-Weisse 
and Bois, 2001; Merz and Blöschl, 2003). Cold temperatures are likely to weaken convective 
conditions, resulting in a decrease in the intensity of precipitation events and hence reducing 
flood activity during colder parts of the LIA.  
On the other hand, comparisons with the high-resolution reconstruction of River Rhône flood 
activity do not show a consistent relationship at this time scale. This may be due to 
differences in the meteorological processes that generate flooding in large rivers and in small 
mountain catchments. In fact, most floods in large rivers, such as the Rhône, are triggered by 
long precipitation events associated with synoptic or frontal type storms (“long-rain type 
floods”, Merz and Blöschl, 2003).  
Consequently, our results suggest that the occurrence of summer convective events triggering 
mountain-river floods may be influenced by both average wetness on a multi-centennial scale 
and temperature on a multi-decennial scale. In addition, the intensity of flood events seems to 
increase with increasing temperature on all time scales. This suggests that higher temperatures 
lead to more efficient convection, thereby producing very heavy local rainfall events and, in 
turn, high-intensity flood events. This long-term proxy-based observation is consistent with 
theory (e.g. Trenberth, 1999), direct observations (e.g. Beniston et al., 1997) and simulations 
(Schär et al., 1996; Christensen and Christensen, 2004; Beniston et al., 2007). 
 
6. Conclusion 
 
Detailed sedimentological and geochemical analysis of a proximal-distal core transect 
allowed us to identify 195 turbidites. We interpreted the five thickest turbidites as the 
products of gravity processes because of the exceptionally high quantities of material 
transported and the position of the most recent turbidite directly above a slump. The 
concordance between the ages of these deposits and the dates of local major earthquakes 
support this interpretation and the chronology. For the remaining 190 turbidites, we found a 
strong relationship between deposit thickness and coarse fraction content (Q90max), suggesting 
that these turbidites were produced by floods and that deposit thickness can be used as a high-
resolution proxy for paleoflood intensity. 
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As there is no evidence for any major glacier-related changes in erosion processes in the 
catchment, we interpret the Aiguilles Rouges Lake Blanc record as reflecting repeated intense 
summer precipitation events over the last 1400 years. Consequently, our study provides new 
evidence that warming may play an important role in flood activity, favoring an increase in 
flood intensity and flood frequency on a multi-decennial time scale. In addition, general 
wetness appears to be an important trigger mechanism that increases flood frequencies on a 
multi-centennial time-scale. Hence, our study suggests that past extreme flood events are the 
result of complex, time-scale-dependent interplays between the movement of air masses - 
which bring moisture to landmasses - and landmass meteorological conditions, which 
influence the stability of humid air masses. The complex relief of areas such as the European 
Alps further complicates these interplays. Predictions of the consequences of the current 
episode of global warming must take into account this complexity. 
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Table 
Code 
Lab 
Core  
Core 
depth 
(cm) 
Cumulated 
depth for core 
BAR10II (cm) 
Composite 
depth for core 
BAR10II (cm) 
Material 
14
C a BP 
cal. a AD   
(±2 sigmas) 
SacA 
16864 
BAR09P1 74.5-75.5 41-42 14.3 
Vegetal 
remains 
165 ± 30 1662-1953 
SacA 
16865 
BAR09P1 92.6-94 46.5-47.5 17.5 
Vegetal 
remains 
260 ± 30 1519-1951 
SacA 
21322 
Bar10 I 04Ab 82-83 74.5-75.5 31.8 
Vegetal 
remains 
945 ± 30 1024-1157 
SacA 
21318 
Bar10 II 02A 32-33 76-77 32.5 
Vegetal 
remains 
410 ± 30 1431-1620 
SacA 
21321 
Bar10 I 02Ab 58-59 96.5-97.5 48.6 
Vegetal 
remains 
470 ± 30 1410-1457 
SacA 
21323 
Bar10 I 02Ab 111-112 139-140 66 
Vegetal 
remains 
765 ± 30 1219-1282 
SacA 
21324 
Bar10 I 02Ab 111-112 139-140 66 Bulk 2035 ± 30 160BC-50 
SacA 
21319 
Bar10 I 04Bb  62-63 169-169 77.8 
Vegetal 
remains 
1025 ± 30 900-1146 
SacA 
21320 
Bar10 I 04Bb 71-72 176-177 81.2 
Vegetal 
remains 
1295 ± 30 663-773 
Table 1. Radiocarbon age list. All cumulated and composite depths are for core BAR10II and 
are based on the stratigraphic correlation shown figure 3. The composite depth was calculated 
by removing graded beds, which we interpret as instantaneous deposits. Samples in italics 
correspond to dates excluded when building the age-depth model. See text for explanation, 
nature of samples and calibration procedures. 
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Fig. 1. Location of Lake Blanc in the northern French Alps, close to Chamonix in the Mont-
Blanc region (left panel). Red stars show major historic earthquakes close to Chamonix and 
their respective magnitudes (Lambert and Levret-Albaret, 1996).Geological and 
geomorphological characteristics of the catchment area (right panel).  
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Fig. 2. Bathymetric map, coring sites, seismic grid and details of the NE-SW seismic profile. 
The seismic profile shows the positions of cores BAR10II and BAR10P04 and of the four 
upper high-amplitude reflections labeled R1 to R4, with increasing depth. 
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Fig. 3. Lithological descriptions of cores and stratigraphic correlation based on sedimentary 
facies, relative Ca contents and Zr/Fe ratios. Zr/Fe ratios, used as a high-resolution grain-size 
proxy, are shown beside the coarse percentile (Q90). The 
137
Cs profile for BAR09P1 is shown 
and available 
14
C samples are indicated by red and black stars. Depths of the four upper high-
amplitude seismic reflections shown in figure 1 (R1 to R4) are given alongside core BAR10II. 
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Fig. 4. High-resolution investigation of the relationship between geochemical (Fe and Zr) and 
grain size (fine fraction and Q90) variations. 
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Fig. 5. Grain size characteristics of the different sedimentary facies of core BAR10II on a 
Passega-type diagram (A) and of graded beds on a Q90max vs. deposit thickness plot (B). FIT 
= Flood-Induced Turbidite; SIT = Slide-Induced Turbidite. 
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Fig. 6. Age-depth relationship for core BAR10II (left panel), age probabilities of the most 
recent MWD and SIT and possible correlated historic events (right panel). 
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Fig. 7. Comparison of (A) the reconstructed Lake Blanc Aiguilles Rouges (BAR) flood record 
(this study) with (B) the Lake Blanc Belledonne (BLB) flood record (Wilhelm et al., 2012a), 
(C) the River Rhône flood record (Arnaud et al., 2012), (D) lake level variations for Lake 
Joux (Magny et al., 2011), (E) fluctuations of the Great Aletsch Glacier (Holzhauser et al., 
2005) and Bossons Glacier (Nussbaumer and Zumbühl, 2012), (F) summer temperature 
reconstructions for the Austrian Alps, based on tree-rings (Büntgen et al., 2011), and for the 
  35 
European Alps, based on multiple proxies (Trachsel et al., 2012) and (G) summer 
precipitation reconstruction for the European Alps (Casty et al., 2005). Vertical blue bars 
indicate periods of high flood frequency, as revealed by the BAR record. Note that the time 
scale after AD 1740is stretched. Red stars in the lower panel show the 
14
C ages used with 
their 2σ uncertainty ranges. 
 
